Cereal Chem. 87(5): [403][404][405][406][407][408] This research studied developing quick cooking brown rice by investigating the effect of ultrasonic treatment at different temperatures on cooking time and quality. The medium grain brown rice was ultrasonically treated in water at temperatures of 25, 40, and 55°C for 30 min and then dried by air at 25°C to its initial moisture content (11.0 ± 0.6%, wb) before cooking. The microstructure of rice kernel surface, chemical composition, and optimal cooking time of treated brown rice were determined. The pasting and thermal properties and chemical structure of flour and starch from treated brown rice were also examined. The results showed that the optimal cooking times were 37, 35, and 33 min after treatment at 25, 40, and 55°C, respectively, compared to the control of 39.6 min. The ultrasonic treatment resulted in a loss in natural morphology of rice bran, allowing water to be absorbed by a rice kernel easily, particularly at hightemperature treatment. Even through rice flour still maintained an Apattern in the pasting properties, the crystallinity significantly increased after treatment at 55°C. Ultrasonic treatment increased the peak, hold, and final viscosities and decreased the onset temperature (T o ) and peak temperature (T p ), significantly. Thus, ultrasonic treatment could be used for reducing cooking time of brown rice.
Brown rice is considered more nutritious than white or milled rice because it contains bran and embryo that are rich in fibers and vitamins (Muramatsu et al 2006) . However, it normally takes much longer to cook because rice bran layers slow the water absorption during cooking. Several methods have been studied or developed by researchers to reduce cooking time of brown rice. Partial milling has been used commercially for producing quick cooking brown rice, but it causes loss of nutrients and integrity due to partial removal of rice bran. When brown rice is heated and then cooled, the sudden temperature change can cause fissures in the endosperm, resulting in accelerated water absorption during cooking (Tadahiko et al 1986) . The disadvantage of this treatment is that brown rice may break during cooking giving low quality appearance. Pregelatinization using water and heat is also reported as effective for reducing cooking time, but the texture and taste of cooked brown rice may not be desirable (Ataullah et al 1960; Freserick et al 1960; Douglas 1976; Afif et al 1992) . Germination decreases the cooking time of brown rice, but it could lead to fermentation or other unpleasant odors (Se-Soon et al 1999; Hiromichi et al 2003; Hidechika et al 2004; Sang-You et al 2007) . Enzymatic treatment also was studied for degradation of the cellulose in rice bran to reduce the resistance of water absorption during cooking, but the enzymes need to be inactivated after the treatment, which complicates the process (Ruiyu and Jinlin 2006; Mithu et al 2008) . Therefore, there is still a very strong interest in seeking new processing methods for producing quick cooking brown rice with high quality.
Ultrasonic treatment has been studied for many food processing applications. High-amplitude waves (10 kHz to 1 MHz) generally are best suited for applications such as cleaning, drilling, emulsification, and chemical and biological applications (Koo et al 2002) . Mark et al (2007) reported that ultrasonic cavitation produces bubbles in a liquid; the bubbles then collapse and form tiny jets directly interacting with the surface of objects in liquid. Ultrasonic treatment has been tested for degrading cellulose material by changing the morphology of cellulose fibers (Tang et al 2005) . If the particles subjected to sonication are rice grains in water, then some destruction of the surface "shell" and grain fragmentation would be anticipated (Mason and Paniwnyk 1996) . Moreover, rice starch kept in sufficient water above the glass transition temperature and below the gelatinization temperature introduces annealing effects (Gough and Pybus 1971) . A cursory survey of literature reveals no reports about ultrasonic treatment for producing quick cooking brown rice.
The objective of this study was to investigate the effect of different water temperatures during ultrasonic treatment on cooking time and quality of brown rice for producing quick cooking brown rice. To understand the mechanism of reduced cooking time of brown rice after ultrasonic treatment, chemical and physical properties of brown rice and its components were also examined. blended (Waring, Torrington, CT) at a high speed for 2 min, passed through a 100-mesh screen, and centrifuged at 1,400 rpm for 10 min. After the soft, top layer was carefully removed, the underlying starch layer was reslurried, washed with 0.0025M NaOH, and collected. Then the starch layer was washed with deionized water, centrifuged, neutralized with 1.0M hydrochloric acid to pH 6.5, and centrifuged again. Finally, the neutralized starch was washed with deionized water 3×, dried at 45°C for 48 hr, passed though a 150-mesh screen, and stored in a plastic jar at room temperature until analyzed.
Ultrasonic Treatment
To determine the effectiveness of the ultrasonic treatment at different temperatures, brown rice was ultrasonically treated in water for 30 min at 25, 40, and 55°C using a sonicator (Advanced Sonic Processing Systems, Oxford, CT) at 16 kHz with 2000W power, based on our preliminary tests (Fig. 1) . The water temperature during treatment was kept constant by adding ice to the sonicator chamber when necessary. For each ultrasonic treatment, a 500-g brown rice sample in a wire bag (30 cm long × 20 cm wide) was immersed in water in the sonicator chamber. After the treatment, the bag with brown rice was removed from the treatment chamber and the rice was drained for 1 min before spreading on a glass plate at room temperature for 10 min to allow the surface water to evaporate. The sample was weighed to calculate the moisture and water uptake ratio during ultrasonic treatment. The water uptake ratio was calculated as the ratio of drained sample mass to the original sample. The treated sample was further air-dried at ambient temperature for about two days to the original moisture content of untreated brown rice. To determine the effect of treatment on color, whiteness of treated brown rice was measured using the milling meter.
Measuring Cooking Properties
Desired cooking properties of rice are short cooking time, high volume expansion ratio, and less weight loss (solids dissolved in cooking water) (Juliano and Bechtel 1985; Champagne et al 1990) which are related to the yield of cooked rice. To investigate the brown rice cooking properties after ultrasonic treatment, we measured the optimal cooking time, volume expansion ratio, water uptake ratio, and solid loss of six rice samples including three ultrasonic-treated brown rice, partially and fully milled rice, and regular brown rice.
Optimal cooking time is a commonly used indicator for evaluating the time needed to cook certain rice under specific conditions. Optimal cooking time can be determined by using the glass plate-white center method (Juliano and Bechtel 1985) . This method was used in this study to determine the optimal cooking times for all rice samples. First, 30 mL of distilled water was heated in a 50-mL beaker on a stirring hotplate (Fisher Scientific) to vigorous boiling, then 2 g of rice (>50 kernels) were placed into the boiling water and stirred with a glass rod to ensure even wetting of the kernel surface. After cooking for a specified time, the rice along with cooking water was poured into a stainless steel strainer and cooled by running tap water. Each rice kernel was pressed using a glass plate against a black background to examine whether the rice kernel has been fully cooked. The fully cooked rice should not show any opaque or uncooked center. The tests were conducted at various cooking times at 1-min intervals until the opaque cores or uncooked centers in all kernels disappeared. The time was then recorded as the optimal cooking time for a specific rice sample. The tests were replicated three times for each specific cooking time.
Volume expansion ratio is the volume ratio of cooked rice to uncooked rice. This volume was determined using the volume displacement method by putting 10 cooked kernels into a known volume of distilled water and observing the total volume change. Water uptake ratio is the weight of cooked rice to uncooked rice. The weight was measured using an electronic balance with an accuracy of two digits. Solid loss was determined by drying the cooking water left in the beaker at 105°C for 12 hr and expressed as a percentage of uncooked rice based on dry weight. All measurements were conducted in triplicate.
Chemical and Physical Properties
We conducted several tests to determine the effect of ultrasonic treatment on chemical and physical properties of brown rice.
Microstructure of brown rice surface. To observe the microstructure of brown rice surface, rice kernels were treated according to the method reported by Zhou et al (2009) . The kernels were dried completely under low pressure and then the surface was sputter-coated with gold and observed by scanning electron microscopy (Hitachi S-4700, Tokyo, Japan).
Chemical composition. Protein, starch, fat, crude fiber, and vitamin E content of all six rice samples were analyzed according to AOAC Methods 992.15, 979.10, 922.06, 920.86, and 992.03 . The amylose content in the isolated starch was determined using AOAC Method 991.43.
Chemical structure and physical properties. To investigate whether the rice starch gelatinized or annealed during ultrasonic treatment and the drying process, various chemical and physical properties of brown rice flour and starch were determined. Because low temperature treatment may not result in any changes in chemical and physical properties, only the control sample and samples treated at 40 and 55°C were used for these tests.
Pasting properties of brown rice flour were evaluated using a Rapid Visco-Analyser (RVA), which is widely used in evaluating rice cooking performance and eating quality (Bao and Xia 1999; Sui et al 2005) . The starch dispersion was prepared by mixing 3 g of rice flour and 25 g of distilled water in an aluminum canister. Pasting properties were measured according to Approved Method 61-02 (AACC International 2010). Analyses were conducted in triplicate; the pasting data were computed as cP then converted to RVU with 12 cP ≈ 1 RVU (Bryant et al 2009) .
To further determine the chemical and physical properties of the ultrasonic-treated brown rice, we studied the thermal properties and chemical structure of starch. Because lipid in rice flour may result in higher gelatinization temperatures (Maningat and Juliano 1980; Ohashi et al 1980) , only brown rice starch was used in these tests.
The thermal properties of starch were measured using differential scanning calorimetry (DSC) (model 2910, TA Instruments, New Castle, DE). A starch sample of ≈7 μg was placed into a stainless steel sample pan and mixed with distilled water at starch-to-water ratio of 1:3 (w/w). The pan was sealed and allowed to reach equilibrium overnight. An empty pan was used as a reference. The heating rate was 10°C/min over a range of 20-95°C. At least four replicates were made for each sample. Onset temperature (T o ), peak temperature (T p ), conclusion temperature (T c ), and gelatinization enthalpy (ΔH) were determined. X-ray diffraction (XRD) was performed according to the method of Antje et al (2001) with an X-ray diffractometer (Philips X'Pert MPD) to determine any changes in the chemical structure of crystalline materials in the brown rice flour. The structure changes in samples are rare or can be difficult to observe using other methods such as DSC (Wajira and David 2007) . The rice flour passed through a 270-mesh sieve and equilibrated at a relative humidity of 50% at 25°C in a closed air-tight chamber for one week. The operation parameters were 40 kV and 40 mA with Cu-Kα 1 radiation at a wavelength of 0.1546 nm, scanning region 2θ from 1.6° to 40° at 0.0150° intervals, and counting time of 1 sec/step. The percentage of crystallinity was calculated by the method of Manful et al (2008) using the total crystalline peak area and total area of diffraction pattern at 6-32° and a straight line as background (Eq. 1). Determinations were made in triplicate, reporting mean values.
(1)
Statistical Analyses
Data were analyzed using statistical analysis system software (v.8, SAS Institute, Cary, NC). The differences between the mean values of samples were determined by least significant difference (LSD) test at a level of 0.05.
RESULTS AND DISCUSSION

Microstructure and Chemical Composition
Scanning electron microscopy (SEM) images of the brown rice surface showed that ultrasonic treatment made the rice bran lose its natural morphology (Fig. 2) . The change became clearer when the ultrasonic temperature increased. Figure 2A shows untreated brown rice in which the bran surface was compact and had the natural morphology structure. After treatment at 16 kHz and 25°C for 30 min (Fig. 2B) , the surface became uneven, which could be due to partial removal of the waxy layer. Brown rice treated at 40 and 55°C showed that the bran surface lost natural morphology. Moreover, cracks appeared on the rice treated at 55°C. Such changes in microstructure might be caused by the cavitation effect of ultrasound and soaking, followed by drying, and could facilitate water penetration in rice kernels during cooking. Table I shows chemical composition results. The ultrasonic treatment did not significantly change crude fiber, starch, protein, fat, and vitamin contents compared with the regular brown rice. However, milling, even partial milling, significantly reduced the vitamin and crude fiber contents due to removal of bran layer and embryo, resulting in fewer nutrients and health benefits for human consumption. Therefore, from a nutritional standpoint, ultrasonic treatment is a superior method for reducing cooking time compared with partial milling. Table II shows the original moisture content and whiteness of regular brown rice, partially and fully milled rice, and ultrasonic treated brown rice. The water uptake ratios of brown rice during treatment also clearly showed that ultrasonic treatment significantly increased moisture content in brown rice to 20.6, 24.1, and 27.8% at 25, 40, and 55°C, respectively, with corresponding water uptake ratios of 1.128, 1.176, and 1.235. The treatment temperature had a significant effect on water absorption based on statistical analysis. The high water absorption obtained using ultrasonic treatment at high temperature may be beneficial for reducing cooking time of brown rice in two different ways: 1) to make quick cooking brown rice by producing ultrasonic-treated, dry brown rice; 2) to develop an ultrasonic brown rice cooker that could be studied in the future.
Characteristics of Different Rice Samples
After the treated rice was dried to approximate initial moisture, the brown rice kernel became whiter with values of 25.0, 25.8, and 26.0 for the three different treatment temperatures compared to 20.8 for the control. This could be due to the loss of water soluble pigment of rice bran and waxy layer. The color of treated brown rice was still darker than partially and fully milled rice.
Effect of Ultrasonic Treatment on Cooking Properties
Ultrasonic treatment significantly reduced optimal cooking time of brown rice (P < 0.05) ( Table III) . The optimum cooking times of brown rice treated at 25, 40, and 55°C were 37, 35, and 33 min, respectively, compared with 39.6 min for regular brown rice. The reduced cooking time could have been due to improved water absorption indicated by the higher water uptake ratio. Also, optimal cooking time may be dependent on the surface area condition of the grain (Juliano Bechtel 1985; Mohapatra and Bal 2006) . The changes in rice bran microstructure might increase the surface area. Treated brown rice also had higher volume expansion ratios than the control sample, which is desirable.
Even though the required cooking times of treated brown rice were significantly reduced, they were still much longer than that of partially and fully milled rice (23 and 24 min, respectively). The water uptake ratio and volume expansion ratio of milled rice were also higher than those of the brown rice, which indicated that milled rice still has better cooking properties. However, the drawback of milled rice was high solids loss in cooking water during cooking. Ultrasonic treatment may improve the cooking properties and reduce cooking time of brown rice. Furthermore, the potential in the application of ultrasonic treatment could lead to the development of an ultrasonic brown rice cooker.
Physical and Chemical Properties of Rice Flour and Starch
Results of pasting properties of brown rice flour revealed that the ultrasonic treatment at different temperatures significantly increased the peak, hold, and final viscosities (Table IV) . The peak viscosities of untreated, 40°C, and 55°C ultrasonic-treated brown rice were 320.95, 340.42, and 352.58 RVU, respectively. The same trend was observed in the hold and final viscosities, even though the increase was not significant. The increase of viscosity is similar to that reported by Jung-Ah and Seung-Taik (2009). In our study, we believe that soaking in water made the matrix of the rice kernels softer and fragmented, resulting in easier pasting and higher viscosity.
Annealing of granular starches involves incubation in excess water for a certain period of time at above the glass transition temperature but below the gelatinization temperature (Biliaderis et al 1986) . Zhang et al (2005) investigated the starch recovery from whole degermed corn using ultrasound and found that ultrasound enhanced the release of starch from the matrix. But Jacobs et al (1995) found that the pasting properties of annealed rice starch slightly increased; they observed that the increased peak viscosity was attributed to a higher rigidity and resistance to shear of the starch granules. However, because the ultrasonic treatment times were the same and relatively short for all of the experiments in this study, it is reasonable to believe that the variability in pasting and viscosity properties could be due mainly to the different ultrasonic treatment temperatures.
Thermal testing of rice starch provided more information about the physical and chemical changes. The onset temperature (T o ) Brown rice 10.4 ± 0.0a -20.8 ± 0.6a Milled I pass 10.4 ± 0.3a -31.4 ± 0.5b Milled IV pass 10.9 ± 0.4a -41.7 ± 0.6c 25°C ultrasonic 20.6 ± 0.2b 1.13 ± 0.00a 25.0 ± 0.3d 40°C ultrasonic 24.1 ± 0.6c 1.18 ± 0.01b 25.8 ± 0.2e 55°C ultrasonic 27.8 ± 0.3d 1.23 ± 0.00c 26.0 ± 0.3e a Values followed by the same letter in the same column are not significantly different at the 5% level. b Water uptake ratio: mass of brown rice after ultrasonic treatment/mass of brown rice before ultrasonic treatment. Brown rice 39.6 ± 0.6a 2.78 ± 0.04a 2.90 ± 0.09a 6.52 ± 1.92a Milled I pass 23.0 ± 0.0b 3.42 ± 0.18b 3.85 ± 0.19b 9.63 ± 1.70b Milled IV passes 24.0 ± 0.0c 3.44 ± 0.08b 3.88 ± 0.18b 13.25 ± 0.29c 25°C ultrasonic 37.3 ± 0.6d 3.28 ± 0.20c 3.23 ± 0.06c 7.12 ± 1.54ad 40°C ultrasonic 35.3 ± 0.6e 3.31 ± 0.18bc 3.21 ± 0.14c 8.42 ± 0.82bd 55°C ultrasonic 33.3 ± 0.6f 3.08 ± 0.07d 3.22 ± 0.07c 7.04 ± 0.89ad a Values followed by the same letter in the same column are not significantly different at the 5% level. b Water uptake ratio: mass of cooked rice/mass of uncooked dry rice. c Volume expansion ratio: volume of cooked rice/volume of uncooked dry rice. d Dissolved material (%) (solids lost in cooking water × 100)/mass of uncooked dry rice.
and peak temperature (T p ) values of starch from treated brown rice obtained from DSC were much lower than those of the control (Table V) . This might mean that the starch of ultrasonictreated brown rice started to undergo phase transition at a lower temperature than did untreated brown rice. This could be caused by a change in starch matrix (Jung-Ah Han and Seung-Taik Lim 2009), which could provide greater mobility of starch polymers after starch granules absorbed more water than untreated brown rice. Gelatinization enthalpy (ΔH) of starch from ultrasonic-treated brown rice was higher than that of the control, which could be caused by polymer rearrangement (Wajira and David 2007) and higher amylopectin content. The relativly high amylopectin content in the treated samples could be due to the unavoidable leaching of amylose in treatment water (Jacobs et al 1995) . Because amylose crystallite is normally transformed at a high temperature (120-160°C), the peak in our DSC profile was likely the amylopectin crystallite (Eerlingen et al 1994) . The X-ray diffraction profiles showed that, after ultrasonic treatment, the rice flour maintained a distinctive A-pattern. This is consistent with the results of Huang et al (2007) , who also found that even though the area under the curve was slightly distorted, ultrasonic treatment did not change the crystalline pattern of native corn starch (Fig. 3) . Table V shows that the percentages of the rice starch after ultrasonic treatment at 40 and 55°C were very similar. However, the crystallinity increased significantly after ultrasonic treatment at 55°C, which indicated some kind of change at 55°C. This confirmed reports by Wajira et al (2007): treating temperatures below gelatinization leads to rearrangement or formation of new bonds among starch molecules, even before gelatinization.
The percentage of crystallinity of the rice flour is normally used to evaluate changes in rice granules because the crystallinity could significantly decrease as soon as the starch was gelatinized (Li et al 2008) . In general, ultrasonic treatment at <55°C should not cause starch gelatinization.
Usually, after annealing, T o and ΔH of starch increased, while the gelatinization temperature range decreased. Moreover, the homogeneity and the perfection of starch crystallinity increased after annealing (Tester and Debon 2000; Wajira and David 2007; Jheng et al 2008) . However, the T o and T p values of starch from ultrasonic-treated brown rice obtained after DSC were much lower than those of the control (Table V) and the gelatinization temperature range did not decrease. Contrary to decreased T o values, ΔH and relative crystallinity of starch in ultrasonic-treated brown rice were higher than the control.
Although there is not enough evidence to confirm that the starch was annealed in the ultrasonic treatment, it will be necessary in future investigations to further identify the influences of the treatment on chemical and physical properties of rice flour and starch that occur due to ultrasonic treatment. Such a study will include extracting the annealing effect alone by comprehensively considering the variation in chemical and physical properties of soaked rice starch without the ultrasonic treatment. Meanwhile, we agree with the opinion of Wajira and David (2007) that the rice starch absorbed energy at different temperatures in ultrasonic treatments, which led to an array of new molecular arrangements and formed bonds with different stabilities during this structural reordering process. This rearrangement process is different from annealing. The nature of this restructuring process before granules break down depends on the starch type.
In conclusion, after ultrasonic treatment, the rice starch matrix was softened, resulting in easy release of rice starch during the gelatinization process. And starch treatment below the gelatinization temperature leads to the rearrangement or formation of new bonds among starch molecules.
CONCLUSIONS
This research demonstrated that ultrasonic treatment can be used to effectively reduce cooking time of brown rice while maintaining high cooking quality. The change in microstructure of rice bran layers caused by ultrasonic treatment allowed water to penetrate the rice kernel easily, resulting in an increased water absorption ratio during treatment and cooking. The effectiveness of treatment was enhanced by the increased treatment temperature, which is reflected by the further reduced optimal cooking time. Compared with regular brown rice, the volume expansion ratio and water uptake ratio of treated brown rice significantly increased during cooking. However, the loss of dissolved material in the cooking water only slightly increased after the ultrasonic treatment, which is desirable. The tested high ultrasonic treatment temperature lowered the gelatinization temperature and improved the viscosity of rice flour from treated brown rice. The ultrasonic treatment also induced the chemical structure changes related to thermal properties of the rice starch.
